Abstract Continuing controversy over the use of pedicular fixation in the United States is promoted by the lack of governmental approval for the marketing of these devices due to safety and efficacy concerns. These implants have meanwhile become an invaluable part of spinal instrumentation in Europe. With regard to the North American view, there is a lack of comprehensive reviews that consider the historical evolution of pedicle screw systems, the rationales for their application, and the clinical outcome from a European perspective. This literature review suggests that pedicular fixation is a relatively safe procedure and is not associated with a significantly higher complication risk than non-pedicular instrumentation. Pedicle screw fixation provides short, rigid segmental stabilization that allows preservation of motion segments and stabilization of the spine in the absence of intact posterior elements, which is not possible with non-pedicular instrumentation. Fusion rates and clinical outcome in the treatment of thoracolumbar fractures appear to be superior to that achieved using other forms of treatment. For the correction of spinal deformity (i.e., scoliosis, kyphosis, spondylolisthesis, tumor), pedicular fixation provides the theoretical benefit of rigid segmental fixation and of facilitated deformity correction by a posterior approach, but the clinical relevance so far remains unknown. In low-back pain disorders, a literature analysis of 5,600 cases of lumbar fusion with different techniques reveals a trend that pedicle screw fixation enhances the fusion rate but not clinical outcome. The most striking finding in the literature is the large range in the radiological and clinical results. For every single fusion technique poor and excellent results have been described. This review argues that European spine surgeons should begin to back up the evident benefits of pedicle screw systems for specific spinal disorders by controlled prospective clinical trials. This may prevent forthcoming medical licensing authorities from restricting the use of pedicle screw devices and dictating the practice of spinal surgery in Europe in the near future.
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Introduction
In the United States, debate continues over the clinical effectiveness and safety of pedicular screw fixation for spinal disorders. However, the controversy is predominantly linked to the problem of Food and Drug Administration (FDA) approval of these implants [50] . In recent years, extensive efforts have been made to demonstrate the safety and effectiveness of pedicular screw fixation in the United States. Based on the results of the "Historical cohort study of pedicular fixation in thoracic, lumbar and sacral spinal fusions" [191] , the representatives of the major North American spine societies clearly advocate the use of pedicular fixation for specific indications (e.g., trauma, degenerative spondylolisthesis). Nevertheless, no FDA approval for pedicular bone screws has been granted because no valid scientific evidence has so far been provided for the safety and efficacy of these implants [189] .
The European practice of medicine, and specifically surgery, differs from the dominant North American concept. The fallacy that only one uniform approach is possible may lead to regulations that have nothing to do with patients' requirements [2] . In Europe, pedicular fixation systems have become the state of the art implants to instrument an unstable spine, to facilitate deformity correction, and to enhance spinal fusion. The discrepancy between the widespread acceptance of pedicular fixation in Europe and the ongoing discussion associated with their use in the United States is striking. The reason for this may be based only on legal issues, since the American spine societies are in favor of these devices for specific indications. On the other hand, one has to ask whether the missing legal constraints may not have led to a less critical application of these devices in Europe.
Recent comprehensive reviews on pedicular systems have alluded to their role in spine surgery from an American perspective [27, 37, 50, 119, 175, 191] . However, these reviews may be biased because of the requirement to achieve FDA approval [191] . It appears therefore reasonable to consider the historical evolution of pedicular fixation systems, the rationales for their application, and the clinical outcome from a European perspective.
Historical evolution
Pedicle screw fixation has its origins in Europe. In the medical literature, Raymond Roy-Camille [141] is widely credited with the first application of screws through the pedicles of the vertebrae [103] . From 1963, Roy-Camille used pedicle screw plates with clinical success. The technique was first applied to the treatment of fractures, and its use was later ex~:ended to vertebral malunions, tumors, spondylolisthesis, and low-back pain disorders [142] . After initial experience, Louis and Maresca [104, 105] modified Roy-Camille's implant and technique better to fulfill the requirement for stabilization of the lumbosacral junction. In 1986, Louis [103] summarized his experience with this technique reviewing 455 patients. The rate of solid fusion was 97.4% in single-stage posterior procedures and 100% in patients treated by a combined approach. Only six patients (1.3%) sustained neurological compromise due to a misplaced pedicular screw, which subsided after screw removal. In the United States, Harrington was the first to use pedicle screws to reduce and stabilize high-grade spondylolisthesis [58, 59] . The pioneering work of Fritz Magerl [ 112, 113] introduced the concept of angle-stable pedicular fixation, which provided the basis for short-segmental stabilization of fracture/dislocation of the thoracolumbar spine. This concept led to the development of the first new generation pedicular fixation system, the AO internal fixator [33, 34, 36] . At the same time, Steffee used standard AO neutralization plates with cancellous bone screws in the pedicles for the reduction and stabilization of degenerative spondylolisthesis [ 164] . The fixed holes in the AO plates made multi-level insertion difficult and led to the final development of the variable screw plates (VSP), which allowed for an anglestable screw fixation. A further milestone in the development of pedicular fixation systems was the introduction of a new screw-rod system by Yves Cotrel and Jean Dubousset [26] , which has become a widely used versatile instrumentation system in spinal surgery during the last 10 years.
The work of these pioneers, the compelling concept, and its initial clinical success formed the basis for the development of a wide variety of similar spinal fixation systems.
Rationales for pedicle screw fixation
The primary goal of internal fixation of the spine is to correct deformity and to stabilize the spine until solid fusion has occurred. The rationale for choosing the pedicle as the primary site for screw anchorage to achieve these goals arises from anatomic as well as from biomechanical factors.
The application of pedicle screws was based on the rationale that the pedicle is the strongest site accessible posteriorly through which a three-dimensional rigid fixation of the vertebra can be obtained [141] . The early anatomic studies by Saillant [144] first established that the diameter and structure of the pedicle is large enough in the lumbar and lower thoracic spine to allow anchorage of vertebral screws via the transpedicular route. These results were later confirmed by other researchers, and there is now convincing evidence regarding pedicle morphology to verify this view [67, 82, 88, 116, 129, 149, 176, 193] .
Transpedicular screw fixation provides a firm anchorage of the screws to the vertebral body. This anchorage enables a secure three-dimensional positional control between the screw and the longitudinal elements, which can provide a restoration of normal stiffness even in short segmental (i.e., one-or two-level) instrumentation. Biomechanical testing of screw pull-out has provided further convincing evidence that this anchorage site fulfills its expectations [86, 87, 100, 128, 184] . The biomechanical aspects of this type of spinal stabilization have been comprehensively summarized in a recent book chapter [86] and do not need further supplementation here.
Depending on the indication, the rationales for the application of pedicle screw systems vary among the different spinal pathologies.
Spinal fractures
The goals of the treatment of spinal fractures are fracture reduction, spinal canal decompression, and rigid stabilization of the spine to allow early mobilization. The improvement in positional control of the anterior column by posterior pedicular instrumentation allows reduction of displaced, fractured vertebrae even if the posterior elements are injured [3, 34, 41] . The ability to restore the normal height of the fractured vertebra by distraction can lead to spinal canal clearance by ligamento-taxis, but bone remodeling with time appears to be a more important factor [51] . In thoracolumbar burst fractures, a thoraco-abdominal approach for an anterior decompression is therefore often not required [3, 34, 41] . Experimental and clinical studies [40, 121] have indicated the requirement for an anterior buttress despite pedicle screw fixation to avoid implant failure and loss of correction. Grafting of the vertebral body by a transpedicular route in conjunction with pedicular screw fixation may provide a valid alternative to anterior surgery [29, 98] . The possibility of rigid, short segmental stabilization overcomes the disadvantage of the distraction-type implants (e.g., Harrington instrumentation), which necessitate the inclusion of two or three levels above and below the injured vertebra [4, 38, 45, 145] .
Tumors and infection
The advantages of pedicle screw fixation in tumors or infection is based on the three-dimensional positional control and the rigid fixation. These spinal disorders often require a complete vertebrectomy and reconstruction of the anterior column. If anterior instrumentation is not sufficient (e.g., in tumor cases) or not desired (e.g., in spondylitis), combining it with posterior pedicular fixation allows a very solid construct and permits limiting the instrumentation to only the involved levels [34, 117] . In palliative tumor surgery, pedicular stabilization permits posterior tumor decompression and debulking with regard to restoration or prevention of paraplegia [77, 114] . Thus, anterior surgery, which is often ill-advised in these patients, can be avoided.
Scoliosis
In scoliosis, the classic concept of correction with Harrington instrumentation [39, 57, 125] is based on distraction of the concavity of the curve. Attempted segmental correction with the Luque sublaminar system [106, 107] only acts on the posterior elements, and the achieved deroration is only minimal [181] . Pedicular screw fixation allows for a transmission of the derotation force to the center of the vertebra and permits a true segmental scoliosis correction [1, 92] . Due to the decreasing pedicle diameter in the upper thoracic spine [176] , pedicle screws are combined with hooks or, as a further development, pedicle hooks with screw fixation [7] . A disturbing complication of Harrington instrumentation was the development of a flatback syndrome due to the reduction in thoracic kyphosis and lumbar lordosis by distraction [89, 125] . This disadvantage can be avoided with screw-or hook-rod systems, which allow for contouring in the sagittal plan. The rod derotation maneuver, which is an essential part of scoliosis correction with CD instrumentation [25, 26] has been shown to result sometimes in trunk decompensation [19, 95, 170, 187] . Theoretically, the use of pedicle screws at the lower end vertebra may limit the rotational force transmitted to tile lumbar spine. A further advantage of pedicular fixation is that a violation of the spinal canal can be avoided -a potential hazard with sublaminar wiring techniques, particularly in degenerative disorders [84] .
Spondylolisthesis
Since the first description of this procedure by Harrington [59], pedicle screws have been used to reduce high-grade spondylolisthesis. Reduction of spondylolisthesis by the means of pedicular fixation has now become very popular, particularly in Europe [35, 105, 120, 142, 148, 151] . Although it was hoped that pedicle screw fixation would allow reduction and stabilization of high-grade spondylolisthesis by a single-stage posterior approach [18] , it became increasingly clear that this approach is associated with high rates of implant failure, loss of reduction, and non-union [5, 14] . However, pedicular fixation of spondylolisthesis without reduction, or with reduction in conjunction with an anterior fusion, provides high success rates and limits the instrumentation and fusion to only one or two levels [5, 11, 35, 105] .
Low-back pain
In low-back pain disorders, pedicular screw fixation allows a rigid segmental stabilization of the vertebral segments even in the absence of posterior elements (e.g., after laminectomies). Therefore, these devices should be beneficial where the treatment goal is to achieve solid fusion. Pedicle screw fixation for this indication is the most widely used application, but at the same time also the most controversial. One prospective randomized study provided clear evidence of an improved fusion rate and outcome with pedicle screw fixation [192] ; however, there is still not sufficient scientific evidence to demonstrate that the clinical results with pedicular stabilization are superior to the results for alternative forms of treatment in low-back pain disorders.
These theoretical advantages and technical possibilities of pedicular screw fixation have to withstand their test in clinical practice. The current literature will be reviewed in order to answer the question of whether these advantages also lead to a better treatment outcome without increasing the risk of complications.
Complications and safety
The major concern with pedicle screw fixation is related to the safety of these devices. However, it is very important to differentiate between device-related and surgical complications. Device-related complications include screw and rod breakage, screw loosening, screw pull-out, connector slippage, and loss of correction due to implant failure. The surgical complication often used as an argument against pedicle screws is neural injury due to a misplaced screw. The goal of correct positioning is to aim the screw from anatomic landmarks on the posterior elements through the pedicular tube into the vertebral body without perforating the bone. This is certainly not an easy task for the inexperienced surgeon. However, the results in the literature demonstrate that the risk is minimal in the hands of experienced spine surgeons [103, 143, 159, 192] . The potential risk of neurological damage to the spinal cord or nerve roots is also encountered with hook-rod system or Luque instrumentation. In a meta-analysis of the literature on the treatment of unstable spinal fractures [37] , the rate of neurological injury (1.1% vs 2.3%, weighted proportion) and dural tears (0.16% vs 1.2%, weighted proportion) were even higher for hook-rod than for pedicle screw systems. The overall complication rate in fractures [37] was similar for hook-rod systems (25%), anterior instrumentation (20%), Luque instrumentation (25%), and pedicle screws (27%). However, half the complications with pedicular fixation were caused by screw breakage without clinical consequences.
In a comprehensive literature review, Yahiro [188] analyzed 101 articles reporting the results of 5,756 patients treated with pedicular fixation devices for a wide variety of spinal disorders. There were 65 dural tears (1.1%), 99 neural injuries or neurological deficits (1.7%), 41 patients with broken pedicle screws (7.1%), 12 patients with broken rods (0.2%), and 146 malpositioned pedicle screws (2.5%). The reported non-union rate was 5.2% (205 patients).
A selective survey of the members of the American Back Society (13 surgeons, 617 cases) investigated the rate of complications in the treatment of a large variety of spinal disorders with pedicle screw fixation. The survey found a permanent neurological nerve injury in 2.3%, transient neuropraxia in 2.4%, screw breakage in 2.9%, and deep infection rate in 4.2% of the cases [42] .
A total of 314 surgeons participated in the "Historical cohort study on pedicle screw fixation" (see below), of whom 95% submitted 30 or fewer cases [19t] . This study can therefore be assumed to provide a more realistic reallife use of pedicular devices [189] than reports written by fellow specialists. The results of this study demonstrated that the risk of neurological injury is less than 0.5%, which is indeed very low considering the fact that most surgeons appeared not to have extensive experience. The infection rate was virtually the same for pedicular as for non-pedicle screw fixation of fractures (2.8% vs 2.8%) and for pedicular fixation as for uninstrumented fusion of degenerative spondylolisthesis (2.6 vs 2.4%).
Based on the literature, which provides a large number of cases for an assessment, there is sufficient evidence that the use of pedicular fixation does not result in a complication rate that is substantially different from those associated with non-pedicle devices.
Current applications and clinical outcome
The current applications and the outcome of pedicle screw fixation in the treatment of spinal disorders will be reviewed to provide a basis for further discussion of the clinical efficacy of these devices.
Thoracic and lumbar fractures
The literature on the treatment of thoracolunthar fractures with and without pedicle screw instrumentation has been recently reviewed. Dickman et al. [37] retrieved 58 articles from the literature containing demographic and outcome data on spinal fractures (n = 2,072). Pedicle screw, hook-rod, anterior, and Luque instrumentation were compared with regard to fusion rate, complications, and functional outcome. The authors argued that a meta-analysis cannot substitute for well-designed, prospective, randomized controlled trials [37] , but that some conclusions could be supported by the data. The fusion rates for pedicular fixation (99.4%) were significantly higher than those for anterior instrumentation (94.8%) and hook-rod devices (96.9%). No significant difference was found with regard to Luque instrumentation, because of the small numbers in that group. In terms of satisfactory pain and functional outcome, pedicular screw fixation (87.0%) and 85.3%) was not significantly different from hook-rod systems (90.6% and 80.0%) and anterior instrumentation (85.8% and 74.8%). Further differentiation of the reported clinical data was not possible because of inherent differences in clinical and neurological severity as well as between treatment groups [37] .
As a result of the shortcomings in the existing literature, the "Historical cohort study of pedicle screw fixation in thoracic, lumbar and sacral spinal fusions" [191] was launched by a scientific committee under the auspices of the FDA, consisting of representatives of the major American societies with an interest in spine surgery (North American Spine Society, Scoliosis Research Society, American Academy of Orthopaedic Surgeons, American Association of Neurological Surgeons, Congress of Neurological Surgeons, and Spinal Implant Manufacturer's Group). An open, non-blinded, historical cohort study was designed to recruit surgeons to collect data on patients who had undergone spinal fusions using pedicular fixation for the treatment of fractures or degenerative spondylolisthesis during a 2-year period (1990-1991) with a 2-year followup. Results of the treatment with non-pedicle fixation fitting the inclusion criteria were collected as a concurrent control group. The pedicle screw group consisted of 814 patients with fractures and the control group (non-pedicular fixation) of 215 patients. The time-adjusted rates of fusion in the two groups were 88.4% and 86.3%, respectively. This difference was not statistically significant. The rate of intraoperative and postoperative complications was not significantly higher for pedicular than for non-pedicular fixation devices. The most frequent screw-related event was screw fracture (6.7%), a complication that cannot be encountered with non-pedicular devices. The reoperation rate was 23.4% in the pedicular and 19.4% in the non-pedicular group, the major contributor being implant removal in both groups. In terms of the functional and pain outcome, the results appeared to be slightly better in the non-pedicular group. However, it was noted that the pedicle screw group included more patients with prior back surgery and burst fractures, which may have influenced the results.
A substantial difference between the pedicular and non-pedicular fixation group, which is not reflected in the outcome variables, is the level of fixation. Yuan et al. [191] reported that more than 75% of the patients with non-pedicular fixation had more than two spinal levels instrumented and fused, compared with less than 30% of patients with pedicular stabilization. Considering the fact that in both groups, 95% of the patients had only a singlelevel injury, the advantage of pedicle screw devices in immobilizing and fusing fewer motion segments is evident. However, this advantage does not find a direct reflection in the outcome scales and its clinical relevance therefore remains unknown.
The current literature supports the conclusion that pedicle screw fixation of thoracic and lumbar fractures is an effective treatment compared to non-pedicular instrumentation and provides at least equal clinical results.
Scoliosis
Adolescent idiopathic scoliosis. The era of the widespread use of internal fixation began with the introduction of Harrington instrumentation for adolescent idiopathic scoliosis (AIS). In 1982, Luque introduced his system of segmental spinal fixation and reported very favorable results [106, 107] . The second generation of spinal instrumentation for scoliosis began with Cotrel-Dubousset (CD) instrumentation [25, 26] . This system is now widely used for the treatment of AIS. The fusion rate and outcome with these techniques is in general very favorable. The faculty of the North American Spine Society and Scoliosis Research Society pedicle fixation workshop [27] therefore reached a general consensus that pedicular fixation does not provide substantial improvements in the treatment of AIS.
However, pedicular fixation in AIS has some theoretical advantages which will be discussed here. The rationale for a combination of hooks in the thoracic spine and pedicle screw fixation in the thoracolumbar and lumbar spine is to improve the rigidity of the fixation and the amount of correction. Suk et al. [166] studied 78 AIS patients treated with CD instrumentation: 31 were instrumented with hooks only; 23 with pedicle screws inserted in a hook pattern; and 24 were treated with segmental pedicle screws. After a minimum follow-up of 2 years (range 25-52 months), major curve correction was 55% with hooks, 66% with hook pattern screws, and 72% with segmental screws, with loss of correction of 6%, 2%, and 1%, respectively. Compensatory curve correction was 57% with hooks, 67% with hook pattern screws, and 70% with segmental pedicle screws. In patients with hypokyphosis, all showed significant improvement, with best restoration among those with segmental screw fixation. Rotational correction of the apical vertebra measured by the Perdriolle method was 19% with hooks, 26% with hook pattern screws, and 59% with segmental screws. Thirteen screws (3%) were malpositioned, but they did not cause neurological impairment or adversely affect the results of treatment. The authors concluded that segmental pedicle screw fixation is a safe and effective method for correcting the triplanar deformity of idiopathic thoracic scoliosis.
The third generation of instrumentation systems, e.g., the AO universal spine system (USS), provides the opportunity for direct segmental derotation [92] . Theoretically, this should lead to improved three-dimensional deformity correction and result in a better cosmetic outcome. Preliminary results from our own center demonstrate that CD and USS instrumentation with pedicle screws result in a better deformity correction (as indicated by apical rotation and surface measurements) than Harrington or Luque instrumentation (Cole, Webb, and Burwell, work in progress). There is no evidence in the literature suggesting a substantially higher complication or failure rate for pedicle screw systems than for established methods (Harrington instrumentation, Luque instrumentation, or CD instrumentation with hooks). Therefore, further investigations on pedicle screw devices are justifiable and necessary to assess their potential benefits more comprehensively in the long term.
Neuromuscular scoliosis. An accepted form of treatment of neuromuscular scoliosis is segmental fixation with sublaminar wiring, which allows satisfactory curve correction with a predictable outcome and an acceptable complication rate [9, 109] . In myelo-meningocele, however, the posterior elements are absent, which causes problems with the stabilization of the distal part of the curve, and the instrumentation relies only on the sacral fixation. Single-stage anterior or posterior procedures carry a substantial risk of failure [158, 179] and a combined anterior and posterior procedure is recommended [6, 123] . However, this necessitates a more extensive surgical approach in these children and enhances the complication rate. Pedicular fixation is advantageous since it allows a secure screw anchorage in the lumbar pedicles and sacrum despite absent posterior elements. However, there are no substantial data available to allow a statement on the clinical relevance of pedicular fixation in neuromuscular scoliosis.
Kyphosis
A similar situation is encountered in the correction of idiopathic kyphosis (i.e., Scheuermann's disease). The anchorage of the instrumentation construct with screws in the lower end vertebra is reasonable in order to achieve a more secure fixation, but the relevance remains inadequately documented in the literature. The correction of kyphosis in ankylosing spondylitis often requires osteotomies and necessitates a rigid segmental fixation to maintain the correction [152] . Compared with all other posterior instrumentation systems, pedicular fixation is best suited to provide this stability. The largest reported series of thoracolumbar osteotomies employed pedicular fixation to stabilize the spine after osteotomy [62] . Hehne et al. [62] reported on the correction of 177 cases of kyphotic deformity in ankylosing spondylitis. Instead of a dangerous short kinking osteotomy, they suggested a polysegmental lordosis osteotomy of the lumbar spine in four to six segments using pedicular fixation and threaded rods in eight to ten segments. Of 177 patients undergoing the operation, there was a 2.3% mortality rate with cardiopulmonary problems, 2.3% suffered irreversible complications, and 18.1% suffered reversible complications, mostly small root lesions, of which 7% were reoperated. The 173 surviving patients had a mean correction of 43% and improvement in body height of 9 cm. Fifty-three of the patients were followed or more than 18 months and did not have any radiological evidence of non-union. Ninety-two percent were pain free compared with 15% before the operation. The authors concluded that the surgical potential of pedicle screw systems in the correction of angular kyphosis is superior to that of any other posterior instrumentation system. However, data in the literature on the surgical treatment of kyphosis with pedicular fixation [10, 62, 66, 117, 180] are sparse. It is not yet feasible to establish whether pedicular systems are superior to other devices in terms of clinical outcome.
Spondylolisthesis
Pedicular fixation provides a rigid segmental fixation of the spine. The greatest benefit of these systems should therefore be obtained in cases with underlying instability. Most authors agree that instability is a significant factor in symptomatic high-grade spondylolisthesis. These patients should therefore clearly benefit from fusion and the fusion rate should increase using rigid internal fixation. There is sufficient evidence in the literature that fusion in situ is a safe and relatively reliable procedure for the treatment of high-grade spondylolisthesis, providing satisfactory longterm results [48, 61, 63, 64, 73, 75, 135, 136, 150, 155] . However, several authors [16, 35, 105, 120, 124, 148, 151, 177] have suggested that reduction of severe anterior displacement and correction of lumbosacral kyphosis may prevent some of the drawbacks of fusion in situ such as high incidence of non-union [15, 91, 174] , bending of the fusion mass [15, 48, 61, 150] , persistent lumbosacral deformity [15, 48, 73] , or development of secondary cauda equina syndrome after fusion [147] . In contrast to the older distraction implants [17, 32, 60, 108] , modem pedicular fixation systems theoretically provide the opportunity to reduce and stabilize high-grade spondylolisthesis via a single-stage posterior approach [18] without the requirement for additional anterior surgery. The current literature on the treatment of high-grade spondylolisthesis with pedicular screw fixation is still sparse. A few reports on this issue [5, 14, 163] suggest that the treatment of severe spondylolisthesis with reduction and stabilization via a single-stage posterior approach is associated with a high failure rate (non-union and implant failure). When the posterior approach is not combined with an anterior mechanical buttress, i.e., an additional anterior or posterior interbody fusion, the pedicular screws are exposed to excessive flexural loading. The consequence is fatigue failure with time that may result in a loss of reduction and non-union if the implant failure occurs prior to the maturation of the fusion mass. A comparison of the different surgical treatment options in terms of clinical outcome is difficult because of differing methods of assessment, and a further detailed analysis is therefore not feasible. The rate of good and excellent results without pedicular fixation ranges from 56% [61] to 100% [135] . Despite the shortcomings of varying outcome assessments, it appears that pedicular fixation [5, 14, 105, 120, 148] provides clinical results that at least equal those of established treatment forms [16, 18, 61, 135] .
One disadvantage of the previous surgical treatment options is the cumbersome aftertreatment and the often long hospitalization time [18, 61] . Pedicular fixation is favorable with regard to early mobilization without the need for disturbing external supports, which shortens the hospitalization time. In addition, inclusion of healthy segments within the instrumentation [32, 58, 108] is no longer necessary. In this context, pedicle screw fixation is a major improvement on both fusion without instrumentation and stabilization with one of the older instrumentation systems.
Tumors and infection
In spinal tumors or infections that require surgery, the presentation is often a compression of neural structures. The neural compromise requires extensive surgical decompression, which often jeopardizes the stability of the spine. A further presentation is in the form of a painful kyphotic deformity, which requires a reconstruction of the spinal column. The advantage of pedicular fixation in this situation is that it provides a rigid and stable fixation that requires only the inclusion of a few (often only two) segments and preserves mobility, particularly in the lumbar spine [34, 77, 117, 122] .
In thoracolumbar kyphotic deformity caused by a primary spinal tumor, solitary metastasis, or spondylodiscitis, a posterior correction and stabilization with pedicular screws in combination with an anterior vertebrectomy produces favorable results [34, 117] . However, the reported results predominantly focus on the technique and include only a very small number of patients, which precludes any reasonable analysis.
Magerl and Coscia [114] described a technique for a total posterior vertebrectomy in the thoracolumbar spine for metastasis. After the vertebrectomy, the spinal column is reconstructed with a methyl-methacrylate buttress for the anterior column and an angle-stable, rigid fixation with the AO internal fixator. This single-stage operative procedure provides sufficient stability to allow immediate postoperative mobilization and avoids the necessity for an additional anterior approach, which is often not well-tolerated by seriously ill patients. A similar approach is described by Steffee et al. [165] . McLain et al. [122] stressed the importance of achieving a reconstruction of the anterior spinal column despite the use of pedicular fixation. Implant failure had been a significant complication in their series because the anterior column disease had not been adequately addressed. J6nsson et al.
[77] reported favorable results after limited posterior surgery for thoracolumbar metastasis. Surgery was confined to direct or indirect decompression via a posterior approach and stabilization with pedicular fixation over as few segments as possible. Nineteen of 25 non-ambulatory patients regained their walking ability. Nearly half of the total group of 51 patients attained improvement in functional performance and the vast majority experienced long-lasting effective pain relief.
Although very intriguing, further experience with these techniques is required before the clinical effectiveness in tumors and infection can be assessed in comparison with established forms of treatment.
Low-back pain disorders
The application of pedicular fixation to enhance fusion rate and outcome in low-back pain disorders presently remains the most controversial issue with regard to the benefit of these systems. Some concerns arose with regard to the amount of rigidity that should be provided by pedicular fixation [184] . A further concern is that the systems are generally bulky and diminish the space for the actual bone graft.
In 1992, Turner et al. [173] reviewed the literature on patient outcome after lumbar spinal fusions. A total of 47 articles were retrieved that contained data appropriate for further analysis. The most important finding was the poor scientific quality of the articles on this topic. The metaanalysis by Turner reported a 73% solid fusion rate for anterior interbody fusion, 87.8% for posterior fusion, 89.0% for posterolateral fusion, and 94.5% for posterior lumbar interbody fusion. The rate for satisfactory clinical outcome was 65.8% for posterior fusion, 67.0% for anterior interbody fusion, 67.7% for posterolateral fusion, and 74.5% for posterior lumbar interbody fusion. There was no difference in clinical outcome according to whether or not instrumentation was used, but the effect of instrumentation on the fusion rates was not further detailed. However, Turner et al. only considered articles published before April 1991, and included only three papers that reported the use of pedicular fixation. Since then, a considerable number of articles on pedicle screw fixation and spinal fusion have been published and a reassessment is appropriate. From a Medline literature search (January 1966 to August 1995), 68 of 1,180 retrieved articles on the treatment of low-back pain disorders allowed the assessment of fusion rate and/or clinical outcome in terms of satisfactory (excellent, good) or unsatisfactory (poor) results. To allow a broad overview, no further inclusion or exclusion criteria were required. The articles were categorized with regard to different fusion techniques: anterior interbody fusion, posterolateral fusion, posterior lumbar interbody fusion, posterolateral fusion with non-pedicle systems, posterolateral fusion with pedicle screw systems, and posterior lumbar interbody fusion with pedicle screw fixation. There were not sufficient data to form an additional category for combined anterior and posterior fusion [85, 99, 132] . The average rates of fusion and satisfactory or unsatisfactory clinical outcome were calculated from the sum of absolute values reported in each article for the different techniques. We also calculated the values for unsatisfactory outcome, since more authors may agree on what comprises a poor result (e.g., persistent severe pain, no improvement, dependency on strong pain killers, inability to return to work, etc.). The authors want to stress some methodological drawbacks of this analysis: the review was based solely on a Medline search (some articles may therefore have been missed), there was no minimal follow-up, no minimum study population size, only a single reviewer (N.B.), and no criteria for the quality of the outcome assessment for fusion and clinical results. This review should therefore not be regarded as an attempted metaanalysis, but only as an extensive literature review.
This literature analysis included 68 papers, which reported on a total of 5,601 cases. For a posterolateral fusion, pedicular screw fixation (Fig. 1, Table 1 ) increased the rate of solid fusion (91%) when compared with uninstrumented fusion (87%) or instrumentation with non-pedicle systems (87%). The highest union rates were achieved when posterior lumbar interbody fusion was supplemented by pedicular fixation (94%). However, only two reports were retrieved that reported on this technique, which lim- its a generalization. The lowest fusion rates were achieved using anterior interbody fusion (78%), with a range of 56% to 94%. The heterogeneity of the results is expressed in a relatively large standard error (Fig. 1) . It was noted that uninstrumented posterior lumbar interbody fusion resulted in a very favorable fusion rate (89%). In terms of satisfactory clinical outcome (Table 1 , Fig.  2 ), there appears to be no clinically relevant difference according to whether posterolateral fusion is performed without instrumentation (70%), or instrumented with a nonpedicle system (65%) or with a pedicle screw system (68%). The worst clinical outcome was obtained when posterolateral fusion was combined with non-pedicular fixation (65%), which was surprising, but may be due to sampling errors and variations in outcome assessment. The rate of satisfactory results for anterior interbody fusion (76%) was better than that for posterior fusion regardless of whether it was instrumented or not. It was evident that posterior lumbar interbody fusion achieved a very favorable outcome in comparison with other techniques (82% and 88%). When considering unsatisfactory (poor) outcomes (Table 1, Fig. 3 ), the highest rate was for anterior interbody fusion (21%) and the lowest rates for posterior lumbar interbody fusion (11% and 12%) and posterolateral fusion with pedicle screw fixation (12%). A comparison of our results with those by Turner et al. [173] demonstrates similar trends and favors posterior lumbar interbody fusion in terms of radiological and clinical outcome.
The validity of the spinal literature is not increased by applying strict statistical criteria to soft clinical data. Rather than relying only on statistical analysis, we recommend a look at the graphic representation of the data, which should (Figs. 1-3 ). It may be argued that the majority of the papers are of poor scientific quality. On the other hand, an analysis of 5,600 cases should at least reveal a trend in the results. This trend may indicate an increase in fusion rates using pedicular screw fixation. However, the improvement is only small and the clinical relevance therefore remains questionable. Based on our data, there is no evidence that pedicular fixation improves clinical outcome, despite an increased fusion rate. The best radiological and clinical results were achieved with posterior lumbar interbody fusion, which is an intriguing finding and deserves further attention.
There is a general consensus in the literature that the rate of successful uninstrumented spinal fusion significantly drops for two-or three-level fusions. Stauffer and Coventry [161] reported a 75% fusion rate for one-level and a 60% rate for two-level posterolateral fusions. Rombold [140] reported a decrease in the rate of solid posterolateral fusion from 96% (one-level) to 68% (two-level). The rates for one-level, two-level, and three-level anterior interbody fusion reported by Loguidice et al. [101] were 85%, 62%, and 50%, respectively. Chow et al. [22] reported a decrease from 85% for one-level to 48% for twolevel anterior interbody fusions. The results in the literature show a trend that pedicular fixation is of particular benefit in multi-level fusions. Since instrumentation with these systems provides segmental fixation, most studies report that the high fusion rate seems similar for two-as for three-level fusions. Steffee [159] reported that the results for posterolateral fusion and instrumentation with variable screw plates are similar for one-, two-and threelevel fusions (i.e., 93%, 92%, and 92%).
The success rate for lumbar spinal fusion is substantially dependent on the type of condition causing lowback pain. In most series on degenerative disorders that differentiate between diagnostic subgroups, spondylolisthesis is associated with a more favorable outcome than degenerative disc disease [71, 146, 183, 192] . The worst clinical outcome is generally obtained in cases of nonunion [90, 183] . It is therefore reasonable to elucidate more closely the role of pedicular fixation in these specific diagnostic subgroups.
In symptomatic low-grade isthmic spondylolisthesis, patients do not present with severe lumbosacral malalignment and progressive slippage as in high-grade spondylolisthesis of children and adolescents, but mostly with moderate instability, nerve root entrapment, and secondary degenerative changes. The goals of treatment are here to relieve pain and reverse neurological deficit rather than to correct the deformity and to prevent progression of the slip. The literature features only a few papers that predominantly focus on the treatment of low-grade spondylolisthesis [11, 13, 21, 23, 56, 74, 79, 96, 105] . The fusion rates for posterolateral fusion without instrumentation vary between 67% [161] and 95% [96] . However, the fusion rates are less as good for two-level fusion [161] . Kaneda et al. [79, 80] and Hanley [54] reported that the fusion rate is enhanced to over 90% when the fusion is instrumented with distraction rods. However, the disturbing complication with distraction rods is decreased lumbar lordosis and inclusion of healthy motion segments. Furthermore, the stability of the fixation may be compromised if a laminectomy or a Gill's procedure is required. Therefore, pedicular fixation is advantageous, because it prevents progressive slippage following wide laminectomy as reported in the literature [65, 81, 134] . Compared to the aforementioned treatment, the high fusion rates (96%-100%) reported for pedicular fixation of low-grade spondylolisthesis are favorable [11, 13, 105] . The clinical results for all treatment forms vary widely between 60% [161] and 100% [105] satisfactory (excellent and good) results. Despite the increased fusion rate, the clinical outcome with pedicular fixation in low-grade spondylolisthesis (66% to 73% good results) appears not to have improved to the same extent [11, 13] . Pedicular fixation and posterolateral fusion for low-grade spondylolisthesis is favorable with regard to the high fusion rate and easy aftertreatment, but no bene-fit is evident in the literature with regard to the clinical outcome.
Most patients with degenerative spondylolisthesis suffer back pain for a long time and cope with it fairly well. However, the predominant complaint of these patients, which often leads to surgery, relates to increasing symptoms from a central or foraminal spinal stenosis. Therefore, spinal decompression with or without fusion is the treatment of choice for this condition.
The treatment of degenerative spondylolisthesis has recently been reviewed in a meta-analysis [119] of the literature considering different treatment options (decompression without fusion, decompression with fusion, decompression with instrumented fusion, decompression with fusion with pedicuIar fixation, and anterior spinal fusion). A total of 25 papers reporting on 889 patients were included. There was statistical evidence that decompression with fusion provides a better clinical outcome than decompression alone (90% vs 69% good results). A further finding was that posterolateral fusion rates were enhanced by adjunctive spinal instrumentation (86% vs 96%), but no significant difference was found when comparing FDA Class II implants (i.e., Harrington rods, compression rods, Luque instrumentation) to pedicular fixation (96% vs 93%). There was no significant difference in terms of the clinical outcome (90% vs 86% satisfactory results). Device-related complications were comparable, and specific types of complications were unique to each implant [ 119] .
Further information on the safety, efficacy, and effectiveness of pedicular bone screws in degenerative spondylolisthesis is available from the "Historical cohort study of pedicle screw fixation in thoracic, lumbar and sacral spinal fusions" [191] . A total of 2,684 cases of degenerative spondylolisthesis were contributed by 314 spine surgeons for the purpose of this study. In 2,176 cases, sufficient information on the fusion status was available. In 1,794 cases, an instrumented fusion with pedicular fixation was chosen to enhance the fusion rate. In the control group, 382 patients had decompression and uninstrumented fusion. Actuarial analysis, which generates time-adjusted rates for statistical comparison, indicated a significant (P < 0.01) difference between the pedicle screw group (82.5%) and the uninstrumented group (74.5%). In the pedicle screw group, significantly more patients showed functional improvement (90.4% vs 86.7%) than in the uninstrumented group. Similarly, there was a significant difference with regard to improvement in back pain (91.5% vs 84%) and leg pain (91.5% vs 88.2%). From these data, it was concluded that pedicular fixation enhances the fusion rate as well as the clinical outcome in patients with degenerative spondylolisthesis.
The advancing degenerative alteration in the lumbar spine may lead to a collapsing spine (degenerative scoliosis) caused by increasing segmental instability. Patients presenting with this entity are usually in their fifth or sixth decade of life. The symptoms are caused by instability, flat-back syndrome, foraminal nerve root impingement, and central spinal stenosis caused by facet joint and soft tissue hypertrophy. Often these symptoms are accompanied by marked osteoporosis. Surgical treatment of this entity is a challenging task. Decompression alone carries a high risk of persistent severe low-back pain due to instability and curve progression, particularly if an extensive decompression is performed at the apex of the curve. Pedicular segmental instrumentation and fusion of these degenerative disorders is an appropriate form of treatment that provides satisfactory results. The great potential of pedicular instrumentation [115, 153] lies in a better curve correction and restoration of lumbar lordosis than is possible using older implants (e.g., Harrington or Luque instrumentation). Despite promising results [116, 153] and clear conceptual advantages, no clear evidence in the literature supports the superiority of pedicle screw instrumented fusion over other forms of surgical treatment for degenerative scoliosis.
In cases where extensive posterior decompression has led to an iatrogenic instability, pedicular fixation systems have a substantial advantage. These implants provide rigid segmental fixation even if the posterior elements are partly or completely absent. None of the older implant types provides a comparable versatility for this problem. However, the literature does not reveal sufficient data to support this theoretical advantage with regard to clinical outcome. Stauffer and Coventry [ 161 ] reported on 31 patients with postlaminectomy instability, of whom 27 (87%) had a solid posterolateral fusion and 58% had a good clinical result. The same authors [160] reported on a series of 14 patients treated with anterior interbody fusion for the same condition, which resulted in a good outcome for 50% of patients and a non-union rate of 55%. The few articles [110, 154, 185] reporting on pedicular stabilization of iatrogenic instability do not subdivide the results further to allow a reasonable outcome assessment.
The benefit of pedicular fixation for the treatment of disc-related syndromes is the most controversial issue, because even fusion per se is heavily debated for this condition [55] . Our current understanding is that alterations within the intervertebral disc are responsible for the generation of pain [28, 43, 182] . If this understanding is correct, disc excision and interbody fusion should be an appropriate treatment [93] . On the other hand, posterolateral fusion with or without instrumentation may not completely eliminate sagittal motion in the anterior column and back pain may still persist despite solid fusion [76, 133, 139] .
In a prospective study by Zdeblick [192] , the outcome in patients with degenerative disc disease treated by fusion without instrumentation, non-pedicle screw fixation, and pedicle screw fixation, respectively, were compared. The fusion rates were 45%, 67%, and 93%, respectively. However, the clinical results, although generally better in the latter group, were not further detailed for this specific t2 entity. Wood et al. [186] studied 28 patients with degenerative disc disease treated by pedicular fixation and posterolateral fusion. This study group was compared to a literature control group (eight studies, 498 cases) treated by posterior or posterolateral fusion without instrumentation for the same diagnosis. The authors reported that patients treated without pedicular fixation had a non-union rate 24 times higher than that of the study group, but only 75% of the patients had an improvement in pain scores at a 2-year follow-up. The authors could therefore not demonstrate that the clinical results were substantially better than those in the literature control group. So far, there is no compelling evidence in the literature to support the use of pedicle screw fixation for this condition.
A further indication for pedicular fixation is nonunion. Again, rigid segmental fixation should theoretically enhance the fusion rate. Stauffer and Coventry [160] reported on a series of 44 patients treated with anterior interbody fusion for failed previous fusion, in which solid fusion was achieved in 55% of the cases. West et al. [183] reported on 17 patients treated with variable screw plates (VSP) for symptomatic non-union. A solid fusion was only achieved in 11 of the 17 patients, despite the use of pedicular fixation. In a study by Lauermann [90], 40 patients underwent an attempted repair for symptomatic pseudarthrosis with various techniques (Luque, Steffee, Harrington, uninstrumented posterolateral and anterior fusion). Despite the fact that the numbers were small, there was a trend for an increased fusion rate with instrumentation (50%-66%) compared to the rates achieved with uninstrumented fusion (29%-33%). However, the numbers in each group were too small to demonstrate an advantage of pedicular fixation over FDA Class II devices.
Discussion

Interpretation of the data
This review has once again demonstrated the poor quality of the scientific literature on the treatment of spinal disorders. As outlined in previous reviews [37, 119, 173, 191] , there are too few prospective, randomized controlled trials including a sufficiently large number of cases to allow valid conclusions and generalization. Besides the lack of scientific rigor, the most striking finding is the heterogeneity of the results. For every single treatment option (e.g., posterior, posterolateral, anterior or posterior interbody fusion, instrumented or uninstrumented fusion, instrumentation with or without pedicular fixation) articles that report a favorable or an unfavorable outcome can be retrieved from the literature. These large variations cannot only be due to differences in study population and outcome assessment. Several bias factors also contribute to the heterogeneity in the literature.
Performance bias. A factor that has so far not widely been stressed as playing a decisive role is the performance and the skill of surgeons, which may vary substantially, and these have a significant impact on the obtained results.
Comparison bias. Surgeons may prospectively accumulate data on a new technique (e.g., pedicular fixation) about which they are enthusiastic, and then compare the results to those of an alternative method not performed with the same level of skill or interest (e.g., uninstrumented posterolateral fusion). Under these circumstances, prejudicial results are unavoidable even in prospective randomized trials.
Selection bias.
Patient selection for the operation may substantially differ between the various studies. With increasing experience, surgeons may not perform surgery in cases where they feel that a favorable outcome is less likely (e.g., in patients with psychosocial problems). With experience, a surgeon's judgement may even be as effective as a psychological test with regard to patient selection and such a selection may therefore not be well documented.
Assessment bias. Assessment of the clinical results by the surgeon or an independent observer influences the outcome as well. Not every surgeon may have the same level of self-criticism or be able to assess his or her results in an unbiased manner. In most reports in the literature, the results are not assessed by an independent unbiased observer.
In Europe, there is a general notion that the risk of pedicular fixation cannot be attributed so much to the device as to the surgeon who uses it. However, it may be argued that a surgical technique has to work in the hands of the majority of the surgeons to achieve widespread acceptance. This requirement was only fulfilled in the "Historical cohort study of pedicle screw fixation," which included 312 surgeons [189] , with the majority submitting only a small number of cases. The results of this study clearly suggest that with proper care the complication rates for these devices are low even in less experienced hands. On reviewing the literature, it is obvious that the surgical risks for pedicle screw fixation are no higher than those for any other spinal instrumentation.
Although there is a scarcity of valid, prospective randomized trials, a large number of cases have been reported for each fusion technique, which should allow for depiction of at least a trend in treatment outcome. This trend may exist for the treatment of thoracolumbar fractures, but the differences are small and may not be clinically relevant. In contrast to what most European spine surgeons seem to believe, there is no trend for improved treatment outcome in any other spinal disorder, which is very disappointing. The most confusing factor is that, par-ticularly for low-back pain disorders, favorable and unfavorable results have been reported for every single fusion technique.
The "American dilemma"
The legal background to the pedicle screw dilemma in the United States has been recently outlined in a review by Mishra et al. [126] . Although the physician is ultimately responsible for the safety and effectiveness of treatment that relies on implant devices, the United States Congress has charged the Food and Drug Administration (FDA) with the legal responsibility for ensuring that all medical devices that are brought to the market are safe and effective. The passage of the Medical Device Amendments of 1976 directed the FDA to classify all pre-amendment devices as Class I (e.g., crutches, canes, and certain cast materials), Class II (e.g., bone screws and plates, intramedullary nails, total hip arthroplasty with cement), or Class III (entirely new device, new material, or new intended uses with insufficient information on safety and effectiveness). A so-called Premarket Notification (based on section 510(k) of the Medical Device Amendment) is required whenever a medical device is being introduced into the market for the first time, whenever a device is changed or modified, or whenever there is a change in the intended use. This allows the FDA to determine whether a device is substantially equivalent, in terms of design, material, and intended use, to a legally marketed comparison product in either Class I or Class II. Substantial equivalence means that a device has the same intended use and technological characteristics as a legally marketed comparison device [126] .
In the middle of the 1980s, the manufacturers of pedicle screws who intended to market these devices in the United States approached the FDA claiming these devices were pre-amendment devices. The FDA disagreed with this assessment and declared these devices to be new devices and, by the virtue of the implants, they became socalled Class III devices. However, the anomaly exists that bone screws have FDA approval (Class II devices) for application in the pedicles of the sacrum and in vertebral bodies (for anterior instrumentation), since those screws were used prior to 1976. This anomaly is based on legal aspects rather than on a medical rationale with regard to safety and effectiveness.
Despite the FDA restriction, American spine surgeons have started to use pedicular screws in the spine above the sacrum (i.e., an off-label use), which falls within their legal right to practice medicine in a manner consistent with their professional judgement and as recognized by the FDA [50] . Meanwhile, pedicular screw fixation is used by a large number of surgeons in the United States [188, 191] and is considered the state of the art in specific settings by the vast majority of surgeons. However, the marketing of these implants is still restricted with regard to safety and effectiveness, which causes a regulatory dilemma [50] . The reason for that is the overall poor quality of the scientific literature on pedicular fixation, which lacks controlled randomized trials documenting its benefits. It appears that the reasons behind the FDA's restrictions are not predominantly dealing with implant-related problems, but with the still unproved clinical advantage of pedicle screw fixation for most current applications [ 130] .
This confrontation in the United States is also of relevance to surgeons in the European Union, where similar controls may soon be introduced [130] . If European spine surgeons do not take on board the need to establish the value of pedicle screw fixation by more stringent scientific data, this community may soon be confronted with a similar "European dilemma." If surgeons do not initiate and manufacturers do not fund prospective clinical trials to prove the clinical effectiveness of these devices for specific diagnostic entities, medical licensing authorities may then dictate how spine surgery is performed in the near future in Europe.
Conclusions
From a scientific point of view, the quality of the literature on pedicle screw fixation and alternative treatment forms is in general poor. There is a lack of prospective, randomized controlled trials with a sufficiently large number of cases, which restricts valid conclusions. The data on treatment of spinal disorders is predominantly based on case series without uniform outcome assessment, which makes a comparison of results difficult.
• Despite these shortcomings, there is sufficient data to demonstrate that the use of these pedicle screw devices does not result in substantially higher complication rates than using other spinal implants. These devices may be considered to be as safe as other instrumentation devices.
• Pedicular fixation provides short, rigid segmental stabilization, which allows preservation of motion segments and stabilization of the spine in the absence of intact posterior elements, which is not possible with non-pedicular instrumentation. Although theoretically intriguing, these benefits do not find a direct reflection in the current literature in terms of clinical and radiological outcome.
• In the treatment of thoracolumbar fractures, there is a trend for pedicle screw systems to provide a higher fusion rate and better functional status and pain relief than nonpedicle systems.
• For the correction of deformity (scoliosis, kyphosis, spondylolisthesis), pedicle screws provide some theoretical advantages, but the current experience is limited and suggests that the results so far are at least equal to established treatment forms.
• There are evident theoretical advantages associated with pedicle screw fixation in the treatment of spinal tumors, but the literature is too sparse for such potential benefits to be documented.
• The most controversial issue is the application of pedicle screws in low-back pain disorders. Although a few articles have argued in favor of these devices, a critical assessment reveals that similar favorable outcomes are also reported for the majority of alternative treatment forms. There is a trend in the literature which suggests that these devices may increase the fusion rate but not necessarily clinical outcome. This is a disappointing finding and is contrary to what most spine surgeons seem to believe.
• In Europe, the use of pedicle screw systems is not yet limited by medical licensing authorities. European spine surgeons should therefore use this opportunity to back up the evident benefits of pedicle screw systems for specific spinal disorders by controlled prospective clinical trials. This may prevent forthcoming medical licensing authorities from restricting the use of pedicle screw devices and dictating the practice of spinal surgery in the near future in Europe. 
